We report a method to directly introduce a hydroxyl group at the omega chain end of polystyrene prepared by atom-transfer radical polymerization. To achieve the quantitative conversion of the bromine group to a hydroxyl group, the transfer reaction of a carbocation with water was exploited. This transfer reaction is a well-known reaction in cationic polymerization. The quantitative conversion and chemical structures of the hydroxyl-terminated PS were characterized using 1 H nuclear magnetic resonance spectroscopy, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry and high-performance liquid chromatography. In addition, alcohol-based compounds were used to introduce acetonide and propane groups into PS-Br.
Introduction
Atom-transfer radical polymerization (ATRP) is one of the most powerful controlled radical polymerization processes, as it enables the synthesis of polymers with a narrow molecular weight distribution (MWD) [1, 2] and various chain-end functionalities [3] [4] [5] [6] [7] [8] [9] with high end-group fidelity [10, 11] . Since most of the polymeric chains synthesized via ATRP retain their living centers at the omega chain ends, they can be further utilized for the precise construction of complex polymeric architectures (block, star, branched, or hyperbranched polymers) [12] [13] [14] . In ATRP, a dynamic equilibrium based on the reversible exchange between the propagating radicals and the dormant species (alkyl bromide) is established, and the rapid equilibrium results in all polymer chains having an equal probability of growth, enabling the synthesis of polymers with a narrow MWD as well as a bromine group at the omega chain end [15, 16] .
The terminal bromine groups on polymers obtained via ATRP can be transformed to various functional groups via nucleophilic substitution of the bromide due to the electrophilicity of the center. For example, the introduction of a hydroxyl group at the chain end of hydrophobic polymers has been widely studied, since a hydroxyl end group influences the self-assembly [17, 18] , solubility [19] , and glass-transition temperature (T g ) of the polymer [18, 20] . Moreover, hydroxyl groups can be used for various reactions, such as ring-opening polymerizations [21] and the preparation of polyurethane latexes [22] . Coessens and Matyjaszewski reported the transformation of bromine end groups in polystyrene (PS) and poly(methyl acrylate) to hydroxyl groups via nucleophilic substitution using trimethylamine and ethanolamine in dimethyl sulfoxide [5] . In addition, they attempted to introduce a hydroxyl group directly into PS using calcium carbonate in a mixture of water and 1,4-dioxane. However, the yield of hydroxylterminated PS was only 70% due to the competing β-hydride elimination generating 30% of the alkeneterminated PS. Anastasaki et al. showed a high yield in the conversion of bromine-end groups of poly(methyl acrylate) into hydroxyl groups and other functional groups using thiol derivatives [3] . The complete conversion of the bromine groups was confirmed by 1 H nuclear magnetic resonance ( 1 H NMR) spectroscopy and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-ToF MS). Coessens and Matyjaszewski reported the transformation of the bromine groups at the omega chain end to azide groups, which can be utilized for coppercatalyzed azide-alkyne cycloadditions (CuAAC), known as click reactions [4] . Since CuAAC reactions proceed quickly and almost quantitatively, they can be used to introduce hydroxyl groups at the chain end using propargyl alcohol in the cycloaddition [23] . However, the successful and direct introduction of a hydroxyl group at the polymer chain-end has not yet been achieved.
Inspired by previous reports, in this paper, we quantitatively and directly transformed the bromine groups in PS prepared by ATRP to hydroxyl groups. For instance, in the case of a polymer prepared by ATRP with styrenic monomers, a carbocation can be formed by the reaction of the bromine end with a Lewis acid, thereby allowing a subsequent cationic polymerization. Burgess et al. reported the synthesis of PS-b-polytetrahydrofuran using a cationic polymerization of THF onto bromine-terminated PS [24] . We used MALDI-ToF MS to confirm that a majority of the bromine-end groups of PS underwent β-hydrogen elimination [25] . Furthermore, when THF and Ag + were used as the solvent and the cation, respectively, ring-opening adducts of THF were observed. When Na + was used, only β-hydrogen elimination occurred. These observations clearly indicate that PS-Br was cationized by Ag + ions. Based on these results, we transformed the bromine group in PS prepared by ATRP to a hydroxyl group using Ag + as the Lewis acid, and the conversion yield was investigated by 1 H NMR spectroscopy, high-performance liquid chromatography (HPLC), and MALDI-ToF MS. In addition, various functional groups were introduced at the omega chain ends using alcohols based on the most common transfer reaction in cationic polymerizations, that of carbocations with alcohols or water. The structural details of the polymers, including their chainend functionalities, were determined by 1 H NMR spectroscopy and MALDI-ToF MS.
Experimental

Materials
Styrene (Junsei, 99.5%) was purified by its passage through basic alumina prior to use to remove the inhibitor. Copper(I) bromide (Aldrich) was stirred with glacial acetic acid to remove oxidized species and then washed with ethanol and dried under vacuum for 2 days. Ethyl α-bromoisobutyrate (EBiB, Aldrich, 98.0%), N,N,N′,N″,N″-pentamethyldiethylenetriamine (PMDETA, Aldrich, 98%), anisole (Aldrich, 99%), 2-dimethyl-1,3-dioxolane-4-methanol, propanol, and all other chemicals were used as received.
Instruments
Monomer conversion was determined on an HP 5890 gas chromatograph (GC) equipped with an HP101 column (methyl silicone fluid, 25 m × 0.32 mm × 0.30 μm). The number-average molecular weights (M n ) and molecular weight distributions (MWDs) were determined by sizeexclusion chromatography (SEC). The SEC instrument was equipped with an Agilent 1100 pump, an RID detector, and PSS SDV (5 μm, 10 5 , 10 3 , and 10 2 Å 8.0 × 300.0-mm) columns. Tetrahydrofuran (THF) was used as the eluent at a flow rate of 1.0 mL/min at 40°C. Polystyrene standards were used for calibration. The 1 H NMR spectra were recorded on a Unity Inova 500 spectrometer (500 MHz; Varian) at room temperature using CDCl 3 . To determine the polymer structure, MALDI-ToF MS was performed with a Bruker Autoflex speed mass spectrometer. The instrument was operated at an accelerating potential of 20 kV in the positive mode. Mass calibration was performed using PS standards. DCTB (trans-2-(3-(4-tert-butylphenyl)-2methyl-2-propenylidene)malononitrile) was used as the MALDI matrix. Sodium trifluoroacetate was used as the cationization agent. The MALDI samples were prepared by making stock solutions of the matrix (30 mg/mL), polymer analyte (5 mg/mL), and cationization agent (2 mg/mL) in THF. The stock solutions were mixed in a 10/1/1 volume ratio (matrix/analyte/cation) and deposited onto a MALDI target plate. Chromatograms from interaction chromatography were recorded with a UV/Vis absorption detector (Younglin UV730D). A bare silica column (Nucleosil, 5 μm, 50 Å, 250 × 4.6 mm) was used. The mobile phase was a mixture of THF/n-hexane (42/58, v/v) delivered by an HPLC pump (Shimadzu LC-20AD) at a flow rate of 0.5 mL/min. The column temperature was kept at 40°C using a homemade column jacket and a water bath circulator (JulaboF25). All samples for HPLC analysis were dissolved in the eluent at a concentration of 1 mg/mL, and the injection volume was 100 µL. The glass-transition temperature (T g ) of each polymer was measured by differential scanning calorimetry (DSC) on a TA Instruments Q 100 DSC instrument under a nitrogen atmosphere. The polymers were sealed in an aluminum sample crucible under nitrogen protection. Then, the DSC curve was recorded at a heating rate of 10°C/min from 30 to 150°C, followed by immediate cooling from 150 to 30°C at 10°C/min, and then heating again from 30 to 150°C at 10°C/min. The second heating cycle was recorded for T g the measurement.
Synthesis of polystyrene (1)
A Schlenk flask with CuBr (0.051 g) was sealed using a rubber septum and degassed three times by evacuating and refilling with N 2 . Degassed EBiB (0.07 g), styrene (10 g), PMDETA (0.062 g), and anisole (5 mL) were also added to the flask via syringes. An initial sample was taken, and the flask was placed in an oil bath at 80°C. Samples were taken at regular intervals and analyzed using GC and SEC. The polymerization was quenched by lowering the temperature and exposing the mixture to the air. The reaction mixture was diluted with THF and passed through a neutral alumina column to remove the copper catalyst. The polymer was then precipitated with methanol, separated by filtration, and dried under vacuum.
Synthesis of hydroxyl-terminated PS (2)
A vial was charged with AgClO 4 (0.05 g), sealed with a rubber septum and degassed three times by evacuations and refilling with N 2 . Degassed bromine-terminated PS (0.4 g), distilled water (0.5 mL), and dry acetone (19.5 mL) were added to the sealed vial. The reaction was stirred overnight at 25°C. The reaction mixture was diluted with THF and passed through a neutral alumina column to remove the Ag salt. The polymer was precipitated with methanol, separated by filtration, and then dried under vacuum for further analysis.
Synthesis of acetonide-terminated PS (3)
Acetonide-terminated PS was synthesized under conditions identical to those used for the synthesis of hydroxylterminated PS, with the only difference being that the substitution reaction was performed with 2,2-dimethyl-1,3dioxolane-4-methanol.
Synthesis of propane-terminated PS (4)
Propane-terminated PS was synthesized under conditions identical to those used for the synthesis of hydroxyl-terminated PS, with the only difference being that the substitution reaction was performed with n-propyl alcohol.
Results and discussion
Synthesis of polystyrene (1)
To achieve quantitative conversion of the bromine groups in post polymerization, the polymer prepared by ATRP must show a high degree of chain-end functionalization. In normal ATRP, the polymerization is quenched at low conversion (typically 30-50%) to retain the high chain-end fidelity [10] . The chain-end fidelity in ATRP is poor due to termination reactions, which form dead chains. These dead chains, which lack bromine groups, accumulate during the polymerization [26] . For this study, PS-Br (M n = 4900 g/mol, MWD = 1.06) was prepared via ATRP to a styrene conversion of~17% by GC. PS-Br was then used as a precursor for the post-polymerization reaction, as shown in Scheme 1.
Synthesis of hydroxy-terminated PS (2)
To exploit the carbocation-mediated chain-end modification, the carbocation could be formed by the reaction between a halogen-terminated polymer and a Lewis acid [24, 27, 28] . By employing this concept, hydroxylterminated PS was synthesized by using AgClO 4 as the Lewis acid, water, and PS-Br as the reactants in acetone. Of the many possible Lewis acids, we employed AgClO 4 for this reaction due to its many advantages. It is very soluble and stable in water, alcohol, and even acetone. Ag(I) ions can also abstract bromine more efficiently than other Lewis acids, and perchlorate ions (ClO 4 − ) are among the weakest nucleophiles. Therefore, AgClO 4 might cause very little side reaction, making it the best Lewis acid for this conversion reaction. The bromine atom could be removed by AgClO 4 with concomitant formation of AgBr, generating the corresponding carbocation, which was then attacked by an oxygen nucleophile to give hydroxy-or alkoxysubstituted products [29] . The bromine groups at the omega chain end reacted with AgClO 4 to form a carbocation, which rapidly reacted with water and formed a hydroxyl group at the omega chain end. reaction of a carbocation to water led to quantitative conversion of the bromine group. The change in the chain end group of the precursor PS-Br and the generation product PS-OH was observed by 1 H NMR spectroscopy and MALDI-ToF MS. The 1 H NMR spectrum of PS-Br showed two characteristic peaks: H a from the initiator (CH 3 CH 2 OC (O)-) at 3.3-3.7 ppm and H b (-CH 2 C(Ph)H-Br) adjacent to the terminal bromine at 4.3-4.6 ppm, as shown in Fig. 1a . Thus, the bromo chain-end functionalization in PS-Br was determined to be 94% by comparing the peak area of H b , the proton next to the bromine group at the omega chain end, to that of H a , in the initiator. From Fig. 1a , the H b peak at 4.3-4.6 ppm, corresponding to the brominated chain end, completely disappeared from the 1 H NMR spectrum, and a new proton peak at 4.0-4.5 ppm appeared due to the introduction of the hydroxyl group. The integral of proton peak H b at 4.0-4.5 ppm relative to H a (normalized to 2.0), remained at 0.94, confirming that all the bromine groups in the PS-Br were substituted with hydroxyl groups. The side reactions, such as the formation of indanyl rings and double bonds, were sufficiently suppressed during the transfer reaction between the carbocation and water [30, 31] . The transfer coefficient of the carbocation to H 2 O is 10 5 times greater than those of the side reactions. In Fig. 1b , the MALDI spectra showed that the peaks of the PS-Br sample appear at the m/z value expected for the 51mer (C 422 H 426 O 2 Na + ) (5553.0, observed: 5553.1). The labile bromine chain end was converted into a double bond during the MALDI process as previously reported [32] [33] [34] . For PS-OH, the major peak appears at m/z consistent with that expected for the 52mer (C 422 H 428 O 3 Na + ) (5571.1, observed 5571.1). The MALDI spectrum of PS-OH supported that the side reaction was suppressed during the substitution reaction, as explained above. In addition, the SEC chromatograms of PS-OH in Fig. 1c showed that no coupling reaction occurred during the substitution reaction. The quantitative conversion of the bromine groups into hydroxyl groups was also confirmed by HPLC. HPLC is known to be an efficient tool for the separation of polymers according to their chain-end functionalities [35, 36] . Relative to PS-Br, which lacks a polar functional group, the polar hydroxyl groups of PS-OH interact more strongly with polar stationary phases, such as bare silica. A bare silica column (Nucleosil, 250 × 4.6 mm, 50-Å pore) with a mixture of THF and n-hexane was chosen for the HPLC separation. The eluent composition of THF/n-hexane (42/58, v/v) was the liquid chromatographic critical conditions for separating polystyrene with the given column configuration [37] . Under these conditions, the effect of the molecular weight on the elution time was suppressed by the compensation of entropic exclusion and enthalpic interaction effects so that only the chain-end functionality would influence the interactions with the porous bare silica stationary phase [36] . Figure 2a shows the chromatograms of PS-Br and PS-OH recorded by a UV detector at 260 nm. The chromatogram of PS-Br consisted of two distinct peaks: the first peak eluting at 5.4 min corresponds to the injection solvent peak, and the second peak at 5.8 min corresponds to the PS-Br, whereas the PS-OH chromatogram showed five distinct peaks. The first and second peaks eluting at 5.1 and 5.4 min are due to residual reactant and the injection solvent peak, respectively. Figure 2b shows the chromatograms of PS-Br and PS-OH recorded with a light scattering (LS) detector. There is one peak for PS-Br, while there are three distinct peaks for PS-OH excluding the eluted peaks at 5.1 and 5.4 min. The LS detector is more efficient for detecting the polymer species since the intensity of the LS detection is proportional to the molecular weight. Therefore, the disappearance of the peaks at~5.1 and 5.4 min in Fig. 2b indicates that they do not contain high-molecular-weight species (polymers). The weak shoulder peak at~5.8 min corresponds to the dead chains formed during the polymerization of styrene. The dead chains without a bromine group formed by the termination reaction cannot be modified, and the elution time of the dead PS matched that of the PS-Br. The next two peaks corresponded to the PS-OH, in which the polar hydroxyl group interacted more strongly with the stationary phase than PS-Br. The fraction of the dead chains was calculated from the HPLC chromatogram of PS-OH using Gaussian fitting. The percentage of the integrated area of the dead chains (6%) in the HPLC chromatogram of PS-OH was in agreement with the 1 H NMR analysis shown in Fig. 1a . In addition, the elution peak of PS-OH is split, F1 and F2, which can be attributed to the different stereochemical configurations at the chain end [38] . The two fractions (F1 and F2) that were collected over the ranges shown with vertical bars were further studied using MALDI-ToF MS. As shown in Fig. 2c, F1 and F2 show identical mass spectra, and the m/z values are well matched with the molecular structure of the PS-OH chain (theoretical m/z of the 52mer (C 422 H 428 O 3 Na + ): 5571.1, observed 5571.2).
Furthermore, the chain end groups influence the glasstransition temperature (T g ) of the polymers. The DSC curves of PS-Br and PS-OH are shown in Fig. 3 . The T g of PS-Br is 85.5°C and that of PS-OH is 92.5°C, and this T g variation is attributed to the different end groups, -Br and -OH, respectively. The hydroxyl end groups in PS-OH can form intermolecular hydrogen bonding interactions. The higher T g of PS-OH can be explained by the increase in the apparent molecular weight due to intermolecular interactions [20] . This effect is pronounced for low-molecularweight polymers; however, it becomes negligible for highmolecular-weight polymers [39] .
Synthesis of acetonide and propane-terminated PS (3), (4)
Various functional groups can be introduced by the substitution of the bromine end group of PS-Br, by using alcohols based on the transfer reaction of carbocations with alcohols as well as water. The bromine groups could be converted to acetonide and propane groups in Scheme 2. Acetonideterminated PS was synthesized using AgClO 4 as the Lewis acid and 2,2-dimethyl-1,3-dioxolane-4-methanol and PS-Br as reactants in acetone. The reaction conditions were identical to those used for the synthesis of hydroxyl-terminated PS. The chain-end structure of acetonide-terminated PS was observed by 1 H NMR spectroscopy and MALDI-ToF MS. From Fig. S1 , the proton peak (-CH 2 C(Ph)H-Br) at 4.3-4.6 ppm corresponding to the brominated chain ends was replaced by a new broad peak after introducing the acetonide group. In Fig. 4a , for acetonide-terminated PS, the major peak appears at m/z corresponding to predicted value for the 52 mer (C 428 H 438 O 5 Na + ) (5685.2, observed 5685.2). The MALDI spectrum showed that the bromine group was quantitatively converted into the acetonide group. Hydrophobic chain ends can be introduced by reacting PS-Br with alkyl alcohols. For propane-terminated PS, n-propyl alcohol was used under identical conditions. The chain-end structure of propane-terminated PS was characterized by 1 H NMR spectroscopy and MALDI-ToF MS. Similar to the previous cases, in Fig. S1 , the proton peak (-CH 2 C(Ph)H-Br) at 4.3-4.6 ppm, corresponding to the brominated chain ends, completely disappeared, and a new broad peak appeared upon the introduction of propane groups. In Fig. 4a , for propane-terminated PS, the MALDI spectrum showed that the major peak appears at m/z consistent with the predicted value of the 52mer (C 425 H 434 O 3 Na + ) (5613.1, observed 5613.1), which further confirmed the quantitative conversion of the bromine groups to propane groups. In addition, the SEC chromatograms of acetonide-and propane-terminated PS in Fig. 4b showed that no coupling reaction occurred during the substitution reactions. The DSC curves of PS-Br, acetonide-terminated PS, and propane-terminated PS are shown in Fig. S2 . The T g values of acetonide-and propaneterminated PS were 90.8°C and 85.6°C, respectively, and this T g variation is attributed to the different end groups.
Conclusion
We quantitatively and directly transformed the bromine end group of PS prepared by ATRP to a hydroxyl group. The quantitative conversion and the end group structure of PS-OH were confirmed using 1 H NMR spectroscopy and MALDI-ToF MS, which were also used to characterize other functional groups. The HPLC chromatograms of PS-OH also supported the quantitative reaction by taking advantage of the relative difference in the strength of the interactions of PS-OH and PS-Br with the polar stationary phase. The glass-transition temperature of PS-Br was lower than that of PS-OH as measured by DSC due to the intermolecular hydrogen bonding interactions of PS-OH. In addition, other functional groups (acetonide and propyl) were easily introduced by using the corresponding alcohols via the rapid reaction of the alcohols with the carbocation. 
